Introduction
Since the COSMIC (Constellation Observing System for Meteorology, Ionosphere and Climate; Anthes et al., 2000) constellation of Global Positioning System (GPS) receivers started providing GPS radio occultation (GPSRO) measurements in July 2006, GPSRO observations have become an important component of the global observing system used in operational numerical weather prediction (NWP; Healy, 2008; Rennie, 2010; Poli et al. 2009; Cucurull, 2010) .
The importance of GPSRO observations in operational NWP stems from the fact that they provide allweather, globally distributed measurements of high accuracy and relatively high vertical resolution with respect to satellite radiances from nadir sounders (Kursinski et al., 1997) . In this sense they can deliver complementary information to that available from satellite radiances (Collard and Healy, 2003) . Another important feature is that GPSRO observations have very low systematic errors (<0.2 K; Eyre, 2008) . This allows GPSRO observations to be assimilated without bias correction, which makes them useful as anchor points for the bias correction algorithms that are commonly applied to satellite radiance observations (Bauer et al., 2013; Dee, 2005) .
Despite the numerous research missions and missions of opportunity (CHAMP; GRACE-A, TerraSAR-X, SAC-C; Wickert et al. 2005 , Wickert et al. 2008 ROSA, Perona et al., 2010) , GPSRO observations in NWP have only started playing a significant role in operational NWP with the successful assimilation of CHAMP GPSRO measurements at ECMWF (Healy and Thépaut, 2006) and, later, with the introduction of the COSMIC constellation of six satellites. This was due to the near real time availability of observations from CHAMP and COSMIC and of the relatively large number of occultations (2200 per day at peak) which the COSMIC fleet provided. However the end of the CHAMP mission and the aging of the COSMIC fleet mean that the number of occultations available at the time of writing has considerably reduced.
More recently (April 2008) the GRAS GPSRO instrument on board the METOP-A polar orbiter has become operational, thus increasing the number of available GPSRO profiles by around 700 per day. This dataset is expected to be complemented by the companion GRAS instrument on board the METOP-B polar orbiter, launched in September 2012.
It is important to notice that the GRAS receiver is the only fully operational GPSRO instrument currently available. This implies that, for the foreseeable future, the number of near real time GPSRO observations available for operational NWP applications will tend to decrease over time. Since the evolution and continuation of other important components of the satellite-based global observing network are coming under increased scrutiny due to budgetary constraints (see McNally, 2012 , for an analysis of the possible repercussions of the degradation of the polar orbiters fleet), it is of interest to re-evaluate the impact of GPSRO data on current operational global NWP.
A variety of authors have reported positive impact of GPSRO data on forecast and analysis quality (Healy, 2013; Radnoty et al. 2010; Rennie, 2010; Cucurull, 2010; Poli et al. 2009; Healy, 2008) . However the redundancy of the current global observing system makes it difficult to demonstrate the impact of a single component of the observing network by data denial Observing System Experiments (OSE) with respect to the full observing system. This is especially true at short forecast ranges where the control experiment usually has similar skill and highly correlated errors with the experimental setup, making the choice of the verifying analysis difficult and the interpretation of results not straightforward (Bauer et al., 2013) . Furthermore, the complex interactions that can arise among the different components of the Global Observing System (GOS), their systematic errors, the bias correction algorithms and the model biases can make it difficult to disentangle the impact of a single component of the GOS and the relevant physical mechanisms (Healy, 2013) . For these reasons we have examined the impact of adding the dataset of GPSRO observations used in operations at ECMWF to a simplified baseline observing system composed of conventional observations and atmospheric motion winds (AMV) from geostationary satellites (Section 2). This is a similar experimental setup to the one used in the OSEs performed by Kelly and Thépaut, 2006 , to evaluate the space component of the GOS. We assume here that the impact of the observing system under study over the baseline system will provide an amplified indication of the impact on the full observing system, as long as the new observations do not introduce significant systematic errors in the analysis (Daley, 1991) . It is worth stressing, also, that while a baseline system with only conventional observations, even with the addition of AMVs, is a poor proxy for the full system in the southern hemisphere and the tropics, it is on the other hand a skilful assimilation and forecast system for the northern extra-tropics, with only a 12 hour degradation in predictive skill with respect to the full system (Bonavita, 2012) . The impact of adding GPSRO observations has been evaluated in terms of analysis and forecast statistical skill scores and in terms of changes to the analysed and forecast mean state of the atmosphere (Section 3). From this analysis an interesting mechanism for the evolution of forecast errors connected to the diagnosis of the polar winter stratospheric vortex has been highlighted.
A complementary way to look at the impact of GPSRO observations is to compare it to that of the two other main sources of temperature sounding information from satellites: The "conventional sounders", i.e. the sounding instruments of the Advanced TIROS Operational Vertical Sounder (ATOVS) system (AMSU-A, HIRS, MHS); and the "advanced sounders", i.e., the hyperspectral infrared sounders AIRS and IASI (Section 4). The relative improvement of forecast skill afforded by each observing system with respect to the baseline observing system is evaluated with respect to ECMWF operational analysis and radiosonde observations. This analysis shows, among other things, that despite the relative scarcity of GPSRO observations with respect to the other satellite sounders, GPSRO has the largest impact in the analysis of temperature in the lower stratosphere.
A summary of the main findings is presented in section 5.
Experimental Setup
The assimilation and forecast experiments reported here have been performed using version CY38R1 of the ECMWF Integrated Forecasting System (IFS). The analyses are produced with the ECMWF incremental 4D-Var system with two outer loops (inner loop minimizations at T95 and T159 resolution, outer loop at T159 resolution). The 4D-Var assimilation window is 12 hours. The IFS forecast model is run at T159 resolution (≈125 km grid spacing) with 91 vertical levels (up to 0.01hPa). While the horizontal resolution is coarser than the current operational resolution (T1279, ≈16 km grid spacing), we do not believe this affects the validity of our conclusions in any significant way. The satellite observing systems under study have, in fact, broad weighting functions, either in the horizontal (GPSRO) or in the vertical (nadir sounding instruments), which, combined with the characteristics of the structure functions currently used in the IFS 4DVar, tend to produce large scale, smooth analysis increments. Besides, lower resolution has allowed running the experiments over longer periods than would otherwise have been possible.
The assimilation experiments have been run over a winter period (1 January 2011 -28 February 2011) and a summer period (1 July 2011 -10 September 2011).
The baseline observing system comprises all operationally available conventional observations and AMVs from geostationary and polar orbiting satellites. The number of observations assimilated in each 12 hour 4D-Var window is of the order of 6E5. During the winter assimilation experiment, bending angles from METOP-A GRAS and COSMIC 1,2,4,5,6 instruments were available. The number of additional observations in a 12 hour window is in the 1.4E5-1.95E5 range, corresponding to approx. 800-1100 profiles between 0 and 50 km. In the summer experiment bending angles from METOP-A GRAS, GRACE-A, TerraSAR-X and COSMIC 1,2,4,5,6 were available, providing 1.7E5-2.2E5 additional observations in each 12 hour window (approx. 950-1200 profiles). An example of the data coverage provided by the available GPSRO observations over a 12 hour analysis window during the winter experiment is shown in Fig. 1 .
In all the experiments presented here the IFS operational background error covariance estimates have been used. This was found to be sub-optimal when running observing system experiments with a much degraded observational coverage with respect to the operational one (McNally et al., 2013) . However, the relative difference in observation counts between the baseline and GPSRO experiments with respect to the total number of operationally assimilated observations is less than 2%. This implies that, for the purpose of comparing the relative performance of the baseline and GPSRO systems, the use of specifically tuned background error covariance estimates is likely to be immaterial. On the other hand, when comparing the performance of the baseline and GPSRO experiments with experiments that use the full operational observing system or a close proxy, then the experimental setup used here can lead to an underestimate of their performance.
The forward model/observation error model for GPSRO observations is the one used operationally at ECMWF (Healy, 2008) . It assumes an error standard deviation of 20% of the observed value at 0 km impact height. This error is linearly reduced to 1% of the observed value at 10 km impact height and is kept at this constant relative level above. An absolute minimum value of 3 µrad is imposed on the observation error standard deviations in order to control the ionospheric signal, which is thought to be dominated by observation errors (Healy and Thépaut, 2006) . Observations errors are assumed uncorrelated. Fig.2 shows the assumed observation error standard deviation profile for GPSRO bending angles (continuous line) and its estimate (dashed line) according to the methodology of Desroziers et al., 2005 . This estimated observation error profile has been constructed by gathering background and analysis departures at GPSRO observation locations over a 30 day period during the winter time experiment. While it is difficult in general to give precise estimates of the correct observation errors for most observation types, we can see that the error model used at ECMWF provides estimates which are generally consistent from the point of view of linear estimation theory. Possible exceptions are in the middle to high stratosphere, where current assumed observation errors appear slightly overestimated, and, similarly in the troposphere. 
Assimilation experiments: Impact over Baseline System
We analyse here the impact of the use of GPSRO observations on the characteristics and quality of the resulting analysis and forecasts. The control experiment (indicated hereafter as BASE) uses the baseline observing system described in Sec. 2, while the experiment indicated hereafter as GPS makes use of the BASE observations plus all the available GPSRO observations as detailed in Sec.2.
a) Impact on Analysis
Fig. 3 presents a zonal average plot of the standard deviation of the temperature difference between the GPS and BASE experiments' analysis. The left panel refers to the winter period, the right to the summer period. As expected, the bulk of the impact on the temperature analysis is in the stratosphere (above 200 hPa), with the exception of the southern extra-tropics, where a considerable impact can also be seen in the troposphere. This is to be expected, as the number of tropospheric profiles from conventional observations (radiosondes + aircraft reports) in the southern extra-tropics (SH) is around 5% of the number available in the northern extra-tropics (NH). Another notable feature of Fig. 3 is that the stratospheric differences are considerably larger in the winter hemispheres. In the northern hemisphere the relative maximum is in the 70N-90N latitude band, suggesting the importance of GPSRO data in the analysis of the polar vortex, due to the relative scarcity of sounding data north of 70N. In the southern hemisphere the relative maximum difference is shifted towards the equator, in the 40S-60S latitude band: This feature reflects both the more symmetric and persistent structure of the Antarctic polar vortex, and the relative scarcity of sounding observations in the southern extra-tropical storm track.
Figure 3: Zonal average of the standard deviation of the difference of the temperature analysis fields between experiments BASE and GPS for the winter period (left panel) and summer period (right panel).Vertical coordinates in hPa; legend in K.
The zonal average of the mean temperature analysis difference (GPS minus BASE) is shown on the first row of Fig. 4 . The use of GPSRO tends to correct known IFS model biases (Radnoti et al., 2010) , i.e. a small warm bias in the upper troposphere, a cold bias in the lower stratosphere and a warm bias in the medium and upper stratosphere. The impact on the mean zonal wind circulation (Fig. 4 , second row) is mainly confined to the stratosphere and results in the strengthening of the intensity of the polar night jet.
A complementary way of looking at the impact of GPSRO on the analysed fields is through the background and analysis departures with respect to observations (O-B and O-A, respectively), generated by the analysis-forecast cycle of the GPS and BASE experiments.
In Fig. 5 we present the standard deviation (left column) and mean difference (right column) of the 12 hour forecast fit (background departures, solid) and the analysis fit (analysis departures, dotted) to radiosonde temperature observations for the GPS experiment (black lines) and the BASE experiment (grey lines). The reduction in the standard deviation of the departures confirms the large global, positive impact of the GPSRO data in the stratosphere. This impact extends down to the middle troposphere in the SH.
The impact on the mean departures is even larger. The GPS experiment has drastically smaller temperature biases with respect to radiosonde observations in the stratosphere. This effect is more apparent in the Tropics and in the SH, where the relative small number of available radiosonde profiles are not able to sufficiently constrain the analysis and thus control model error growth. The signs of the departures also agree with the interpretation that the GPSRO data is trying to counteract the effects of the IFS model drift. In Fig. 6 we present the standard deviation (left column) and mean difference (right column) of the 12 hour forecast fit (background departures, solid) and the analysis fit (analysis departures, dotted) to radiosonde zonal wind observations north of 70N. The strong reduction in the mean departures above 20 hPa of the GPS experiment with respect to the base experiment is a clear indication that the introduction of GPSRO observations corrects the model underestimation of the intensity of the stratospheric polar jet. 
Figure 5: Standard deviation (left column) and mean difference (right column) of the 12 hour forecast fit (background departures, solid) and the analysis fit (analysis departures, dotted) to radiosonde temperature observations for the GPS experiment (black lines) and the BASE experiment (grey lines). First row refers to the northern extra-tropics (90N-20N), second row to the tropics (20N-20S), third row to the southern extra-tropics (20S-90S

b) Impact on Forecast
A first impression of the impact of the additional information from GPSRO data on the forecasts can be obtained from Fig. 7 , where the zonal averages of the standard deviation of the difference of the temperature fields between experiments BASE and GPS for the winter period at successive forecast times (t+0h, t+24h, …, t+144h) are plotted.
The impact in the SH analysis (panel (a)) is marked in the middle to higher troposphere and these differences are enhanced in the subsequent forecasts (panels (b) to (f)), extending and intensifying throughout the SH troposphere and lower stratosphere. In the SH the GPSRO data effectively complements the conventional observation network both in the troposphere and in the stratosphere.
In the NH and Tropics, however, the analysis impact is larger at levels approximately above 150 hPa. While in the Tropics the analysis perturbations appear to remain confined to the stratosphere, in the NH they propagate downwards and towards lower latitudes, so that after 5 days most of the NH troposphere is affected. A possible explanation lies with the prevailing NH stratospheric dynamics taking place during the winter experiment.
A commonly occurring NH stratospheric weather pattern during the winter period is shown in Fig. 8 . In this weather regime the polar vortex is disrupted and displaced: Enhanced stratospheric cross-polar flow develops (Fig. 8 , left column), with strong temperature advection (Fig. 8, right column) . The meridional cross section of the wind field shown in Fig. 9 suggests that, in these conditions, differences in the analysis of the stratospheric temperature field can be rapidly advected to lower latitudes and altitudes, resulting in the development of the temperature perturbations shown in Fig. 7 . Thus, during the model integration, thermal perturbations develop to produce changes to the meridional temperature gradient and static stability characteristics in the vicinity of the tropopause, which is a well-established mechanism through which the stratosphere circulation interacts with the tropospheric circulation (Simpson et al., 2009 and references therein; Bordi et al., 2009 ). This interpretation is confirmed by the forecast skill scores presented in Fig. 10 . Here we show the normalised root mean square error reduction of temperature forecasts of experiment GPS with respect to experiment BASE, using the ECMWF operational analysis as verification. As expected the impact is larger in the stratosphere and in SH troposphere. A common feature of these results is that they indicate a larger impact at short verification times which tapers off, but remains statistically significant, at longer lead times. A possible explanation of this feature lies in the fact the GPSRO observation coverage, though fairly homogeneous, is far from being dense enough to completely constrain the analysis, thus reducing its relative impact at longer forecast times. A notable exception to this pattern is however visible in the skill scores for the NH troposphere during the winter experiment (lowest and rightmost three plots). Here we see that the forecast impact of GPSRO stays constant (500 hPa) or even increases (850 and 1000 hPa) with increasing forecast lead time. This confirms that the information from a more accurate stratospheric analysis in the NH winter spreads to the NH tropospheric midlatitudes, in the flow regimes described above. A similar effect is not visible in the SH tropospheric scores of the summer experiment (not shown). This is because of the larger, direct impact of GPSRO on the tropospheric analysis in the SH; and, possibly more importantly, because of the persistent, zonally symmetric character of the Antarctic vortex, which limits cross polar flow and thus tends to keep perturbations more localized. 
Assimilation experiments: Relative Impact of Satellite Observing Systems
Another approach to evaluate the impact of GPSRO is to compare its performance relative to the impact of the other main components of the satellite based observing network.
Recent diagnostic work (Cardinali, 2011; Radnoti et al., 2010 and references therein) based on adjoint sensitivity techniques, suggests that the short range (t+24h) forecast error of the IFS is mostly reduced by the AMSU-A (Advanced Microwave Sounding Unit A) temperature sensitive observations (16% relative error reduction), followed by IASI (Infrared Atmospheric Sounding Interferometer) and AIRS (Atmospheric InfraRed Sounder) with 12% each; GPSRO is the third satellite observing system in order of importance, accounting for 6% of the perceived forecast error reduction. Of the other satellite based sensors, scatterometer data account for 5% of error reduction, while AMSU-B, MHS (Microwave Humidity Sounder) and HIRS (High Resolution Infra Red Radiation Sounder) account for 2% to 3%.
Although these estimates are useful for an initial evaluation of the impact of an observing system, they are affected by some limitations: Dependence on the characteristics of the chosen forecast metric; error correlation between the forecast and the verifying state; reliance on the accuracy of the used adjoint operators (see Todling, 2013 , for a detailed discussion).
Ultimately, the litmus test of the accuracy of a NWP analysis lies in the accuracy of the forecasts derived from it. Consequently a test of the NWP impact of the GPSRO observing system has been performed relative to the main satellite based sounders. To this end three additional assimilation and forecast experiments have been run.
The first experiment (which we will refer to as "ATOVS") has been run with the same configuration of the BASE experiment plus the addition of all operationally assimilated observations from the ATOVS (Advanced TIROS Operational Vertical Sounder) package: AMSU-A, AMSU-B/MHS and HIRS. During the experimental periods ATOVS data from NOAA15/18/19, AQUA and METOP-A polar orbiting satellites were available. Restricting our attention to the temperature microwave sounding instrument AMSU-A, which has by far the largest impact in the ATOVS package, the additional observations amount to 110000-120000 profiles for each 12 hour assimilation window (see Fig. 11 for an example of spatial coverage). AMSU-A channels 5 to 14 from all satellites were assimilated (except for channels blacklisted for specific sensor problems (6, 11, 14 for NOAA15; 8 for NOAA19; 5, 7 for AQUA; 7 for METOP-A). These set of microwave channels have broad sensitivity to the atmospheric temperature profile in the 5-50 km height range.
The second experiment (which we will refer to as "HYPER") has also been run with the same configuration of the BASE experiment plus the addition of the operationally assimilated observations from the two infrared hyperspectral sounders AIRS on board AQUA and IASI on board METOP-A. Even though only a limited subset of available channels from both sounders are used operationally and the number of observations is further reduced by rather stringent data selection and quality control requirements (McNally et al., 2007; Collard and McNally, 2009) , the use of both sounders results in an additional ͠ ͠ 30000 profiles for each 12 hour assimilation window. In Fig. 12 an example of the spatial coverage afforded by the two hyperspectral sounders over a 12 hour assimilation window is given.
Finally a control experiment (which we will refer to as "CTRL") with the full observational dataset used in operations at ECMWF was run over the same winter and summer periods. This comprises the BASE+GPSRO+HYPER+ATOVS observations augmented with scatterometer data (ERS and ASCAT) and the use of satellite sounders and imagers (AMSU-A, TMI, SSMIS, AMSR-E) over cloud affected and precipitating areas Geer et al., 2010) . The CTRL experiment differs from the operational assimilation and forecast cycle only for the lower resolution of the forecast and the 4DVAR analysis.
As was the case for the BASE and GPS experiments, also the HYPER, ATOVS and CTRL experiments have been run using operational background error statistics in the 4DVar analysis. This is sub-optimal for the HYPER and ATOVS experiments, but the degradation is thought to be smaller than that incurred by the BASE and GPS experiments because the spatial distribution and the observation counts of the observational dataset used in HYPER and ATOVS is much closer (40% and 55% of the total observation number) to the operational one than that of the BASE and GPS experiments (5% and 7% respectively). On some aspects of the impact of GPSRO observations in Global NWP
The first row of fig. 13 presents the globally averaged root mean square error profiles of the temperature forecasts valid at t+24h (left), t+72h (middle) and t+120h (right) for experiments BASE and CTRL, computed over the aggregated winter and summer periods. The second row presents the per cent fraction of the (CTRL-BASE) error reduction achieved by experiments GPS (continuous line), HYPER (dashed line) and ATOVS (dash dotted line) at t+24h (left), t+72h (middle) and t+120h (right). It is worth stressing that these results only pertain to the skill of the temperature forecasts. The impact on other quantities such as specific humidity and (for the hyperspectral sounders) ozone which are directly sampled by the nadir sounders are not considered here. Some interesting considerations can be drawn from these results.
Firstly, these plots confirm the pre-eminence in the current IFS configuration of the ATOVS instruments package (and the AMSU-A microwave sounder, in particular) in terms of forecast impact.
In the medium range (3 to 5 days), the ATOVS package alone provides 90% or more of the forecast improvement realised by the full operational observing system over the BASE observing system.
The HYPER experiment comes a close second in terms of forecast improvement. In particular, the hyperspectral sounders match the ATOVS performance in the troposphere, and are within 10% of the ATOVS performance in the stratosphere. While there is clearly a large amount of overlapping information coming from the two classes of instruments, which enhances the resilience and robustness of the global observing system, it can still be shown (Radnoti et al., 2010) that the denial of either or both the IASI and AIRS observations leads to a small but significant degradation of scores.
The impact of the GPSRO observations is the smallest of the three classes of sounders considered here, but it is nonetheless very significant. GPSRO can recover from 30% to 70% of the forecast skill improvement generated by the full observing system over the control. This is significant in view of the fact that the number of GPSRO profiles available during the experiments was roughly two orders of magnitude smaller than those of ATOVS and HYPER sounders, and that the use of sub-optimal background error statistics is likely to have impacted on the skill of the GPS experiment in larger measure than on the ATOVS and HYPER experiments
The GPSRO impact can be seen to be largest in the lower stratosphere, where the accuracy of the measurements is assumed to be higher and the observation errors are thus set to relatively smaller values. From the observation error diagnostic presented in Fig. 2 , it can be argued that the assumed observation errors could be reduced in the middle to upper stratosphere and, to a lesser extent, in the troposphere. Changing the prescribed observation errors to match more closely their diagnosed values results, in fact, in marginal improvements (not shown) in the quality of the forecast fields, but does not change the overall conclusions.
The plots on the bottom row of Fig. 13 provide some information on the geographical distribution of the GPSRO forecast impact, by showing the per cent fraction of the (CTRL-BASE) error reduction achieved by experiments GPS (continuous line), HYPER (dashed line) and ATOVS (dash dotted line) at t+72h for the northern extra tropics (left panel), the tropics (centre), the southern extra tropics (right). It can be noted how the much denser coverage of conventional observations in the northern hemisphere drastically reduces the tropospheric GPSRO impact (and also the impact of the other BASE and CTRL (first row; units: K, hPa) 
. The second row presents the per cent fraction of the (CTRL-BASE) error reduction achieved by experiments GPSRO (continuous line), HYPER (dashed line) and ATOVS (dash dotted line) at t+24h (left), t+72h (middle) and t+120h (right). The third row shows the per cent fraction of the (CTRL-BASE) error reduction achieved by experiments GPSRO (continuous line), HYPER (dashed line) and ATOVS (dash dotted line) at t+72h for the northern extra tropics (left), tropics (centre), southern extra tropics (right).Verification against ECMWF operational analysis.
On some aspects of the impact of GPSRO observations in Global NWP Technical Memorandum No.701 19 satellite instruments) with respect to the southern hemisphere. Another interesting aspect is the relatively larger impact of GPSRO in the tropics: here the improvement over the BASE system is comparable to or greater than that of ATOVS and HYPER in the 50-200 hPa layer but it is also seen to taper off more rapidly in the lower troposphere.
To further investigate this aspect and to filter out the possible influence of the verifying analysis on our results, we have also computed the forecast skill scores with respect to radiosonde observations. An example of the results is given in fig. 14, where we compare the 100 hPa temperature RMS forecast errors computed against the operational ECMWF analysis (left panel) and the radiosonde observations (right panel). The general conclusion is that verification against observations tends to further amplify the impact of GPSRO in the RMS error metric, especially in atmospheric layers where GPSRO impact is already large. This can be understood as ATOVS and HYPER data make up around 90% of the total assimilated observations and thus have a large influence in changing the mean analysis state. This effect is also visible in Fig. 15 , where we show the evolution of the forecast error mean and standard deviation of the BASE, GPS, HYPER and ATOVS experiments in the tropics, again computed using radiosonde observations as the truth. In the lower stratosphere (50-100 hPa, first two rows in Fig. 15 ) GPSRO has the largest impact of all satellite components in correcting the model cold bias and also the random component of the forecast error. At 200 hPa (third row of Fig. 15 ) the model forecast bias changes sign and again GPSRO is the most effective satellite observing system at countering this model drift, while its impact on error standard deviation is comparable to that of the hyperspectral sounders. In the lower troposphere (850 hPa, bottom row in Fig. 15 ) the model bias changes sign again and it is seen that GPSRO actually increases the systematic error (the impact on error standard deviation being slightly positive). The negative RMSE impact in the lower tropical troposphere, as already noted in Bauer et al., 2013 , is thus only due to a change in the analysed mean state caused by the change in sign of the model bias from upper to lower troposphere coupled to the vertical structure of the assumed GPSRO observations errors and the GPSRO observation operator. This effect is also present in the extra-tropics (not shown) but the different density of conventional observations; the different dynamical constraints and the different structure of the background errors (shallower in the extra-tropics) all combine to reduce its impact in the RMSE metric. 
Summary and Conclusions
Over the past few years GPSRO has become a fundamental component of the global observing system used in NWP. This is both because of the beneficial impact of accurate, unbiased GPSRO observations on the accuracy of atmospheric analysis, and because of the indirect impact of GPSRO observations as anchors for the bias correction of radiance observations from nadir sounders.
The impact of GPSRO observations on NWP skill has been examined by running assimilation and forecast experiments with a recent version of the ECMWF IFS. As in earlier studies , this has been done using in the control experiments a degraded, but still skilful, observing system composed of conventional and AMVs observations. In this way the signal generated by adding new observations is easier to distinguish than it would be possible from a simple data denial experiment, given the relatively high degree of redundancy of the current global observing system. As importantly, this framework allows an easier understanding of the mechanisms by which an observation type impacts the analysis and forecasts.
In terms of analysis accuracy, results of the present work confirm the importance of the GPSRO measurements in reducing the effect of model biases in the analysed state in the upper troposphere and the stratosphere. This effect is evident for the temperature field throughout a large part of the atmospheric column and for the wind field in the analysis of the polar night jet.
The impact of GPSRO observations is also apparent in the improved accuracy of the forecasts. In comparison to a much degraded observing system such as the one available in the SH for the control experiment, the GPSRO data consistently improves forecast skill throughout the atmospheric column and forecast ranges. In the NH, on the other hand, the conventional observational coverage is much denser, especially in the troposphere. This results in a smaller impact of the GPSRO data in general and in the tropospheric scores in particular. Interestingly, the positive impact that GPSRO data have on the tropospheric scores in the NH winter appears to be primarily the result of stratospherictropospheric interactions: The GPSRO observations change the stratospheric polar temperature analysis and these perturbations propagate equatorward and downward and affect the forecast of the tropospheric flow in the medium range. This effect is present in the NH winter only, and it appears to be related to the disruption of the polar vortex and the associated enhanced cross polar flow.
The influence of GPSRO on NWP forecast skill has also been analysed in terms of its relative impact with respect to the two other main sources of satellite observed temperature profiles (ATOVS and hyperspectral sounders) and to the full observing system. It is found that, on a global basis, GPSRO can recover 30% to 70% of the temperature forecast error reduction of the full observing system with respect to a conventional observing system when verified assuming the ECMWF operational analysis as truth. This is still below the 80% to 90% error reduction that ATOVS and hyperspectral sounders can each separately provide, but it is still remarkable because the number of available GPSRO profiles is roughly two orders of magnitudes smaller than either ATOVS or hyperspectral sounders' counts. Disaggregating the global impact scores for different latitude bands, it is apparent that GPSRO impact is larger in the tropics and in the southern extra tropics, where the density of conventional observations is sparse. The GPSRO forecast impact is also found to be relatively larger when verification is performed against radiosonde observations. |This is particularly apparent in the lower stratosphere, where the capacity of GPSRO measurements to correct for large temperature model biases makes it the most valuable satellite observing system. The experimental setup on which these results are based is somewhat sub-optimal in terms of spatial resolution and background errors model, as is commonly the case with OSEs. However, the structure of the satellite instruments weighting functions, the structure of the background errors covariances and the expected impact of the satellite instruments observation density and distribution on background errors, give us confidence that our main conclusions will stand for more realistic experimental frameworks.
In conclusion, the results presented in this study confirm the importance of GPSRO measurements in current global NWP and support the case for the continuation and the expansion of the currently available operational GPSRO constellation.
